A case of homicidal poisoning of a 21-month-old child using methanol is presented. The child was found dead in his crib during a court-ordered visit to his father's home. He reportedly was experiencing "flu-like" symptoms the day before. Routine toxicology testing of specimens taken at autopsy revealed the presence of methanol in a concentration of 0.21%, 0.23%, 0.31%, 0.28%, and 0.26% (w/v or w/w) in heart blood, venous blood, urine, vitreous humor, and gastric contents, respectively. Formic acid concentrations were 1.0 and 6.4 g/L in heart blood and urine. No other drugs or chemicals were detected in comprehensive screening. Accidental ingestion of methanol was ruled out; however, the homicide investigation was complicated by the fact that up to seven adults at three different locations had been involved in the child's care. Minimal information in the literature on the time frame for the development of symptoms of methanol intoxication in a child of this age made predicting a likely time of ingestion difficult. Discussion of the investigation and the timeline for the poisoning that was eventually established are included.
Introduction
Methanol is a colorless, water soluble alcohol with a slightly sweet/fruity taste and odor. Exposure to methanol most commonly occurs through the ingestion of adulterated alcoholic beverages or one of the numerous household products in which it is found. Methanol is readily absorbed from the gastrointestinal tract. It is a mucosal irritant and frequently results in abdominal pain, nausea, and vomiting (1) . Methanol is metabolized by alcohol dehydrogenase to formaldehyde, with rapid conversion of the formaldehyde to formic acid, resulting in a severe anion gap metabolic acidosis. The accumulation of formic acid is responsible for methanol's life-threatening toxicity. Methanol intoxication is characterized by an initial mild CNS depression followed by a latent period of 12-24 h before the development of more serious symptoms (2, 3) . Clinical manifestations of intoxication include headache, confusion, lethargy, blurred vision, and ataxia progressing to dyspnea, coma, hypotension, and death (2, 3) .
Methanol poisonings are not uncommon. More than 2000 cases of methanol exposure are reported to Poison Control Centers in the U.S. each year (2, 4) , with the greatest number of exposures occurring in toddlers aged 1-5 years. The majority of exposures in this age group are suspected or witnessed accidental ingestions that result in prompt medical attention. In a 6-year time period from 1993 to 1998, there were 3575 reported methanol exposures in toddlers, but only 5 of those (0.14%) were considered life-threatening, and none of the exposures resulted in death (4) . Although the literature contains a handful of reports of methanol poisoning in infants (2, 5, 6) , there are very few publications describing methanol poisonings in young children (3, 7, 8) . Pharmacokinetic data in these cases are complicated by medical intervention and the use of ethanol or fomepizole therapy, which alters the metabolism of methanol. Thus, there is very little information available to aid the forensic toxicologist in determining the likely time frame of administration of methanol in a case of homicidal poisoning in a child.
Case History
A 21-month-old male was sent to the Monroe County Medical Examiner's Office for autopsy after being found dead in his crib on Tuesday morning. On the Sunday prior to his death, the child spent the morning at his mother's home, which she shared with two other adults. He spent the afternoon with his grandparents at their home, during which time he was described as happy, active, and having a normal appetite. At approximately 6:00 p.m. on Sunday evening, the child's mother and grandfather met his biological father and stepmother in the parking lot of a convenience store so that the biological father could take him for his court ordered bi-weekly visitation. The stepmother claimed that prior to arriving for the custody exchange, she was told in an email that the child was sick, experiencing flu-like symptoms and diarrhea. The child's mother later stated that she fabricated that information in the hope that the father and stepmother would not want to take the child for the scheduled visitation.
The child slept during the 2-h ride to the biological father's home and was put to bed upon arriving there. On Monday morning, he was described as more lethargic than normal, stumbling and falling down a lot. It was initially claimed that he ate breakfast and lunch that day, but later the story changed, and the father and stepmother indicated that he had only picked at his food at both meals. He had nothing to eat after lunchtime, but was allegedly given a mixture of Pedialyte and apple cider to drink. By afternoon, the child was observed to be crawling at times rather than attempting to stand. He was described as "breathing heavier than normal". There were three adults staying at the biological father's home, and the child was reported to be under constant supervision by at least one of them at all times. Between 4:30 and 5:00 p.m., the child fell asleep on the kitchen floor. He was placed in bed at approximately 7:00 p.m. after unsuccessful attempts to wake him for dinner. The child was allegedly "OK" when checked on at 1:00 a.m. At 5:00 a.m., the subject's father heard noises on the baby monitor that he thought came from the subject, but the child was sharing a room with the biological father and stepmother's 6-month-old child, so it could not be ascertained for certain which child made the noises. He was found dead at approximately 7:00 a.m.
Based on the limited history that was known at the time the child died, investigators were concerned that his death may have been due to the H1N1 flu as reported cases of H1N1 were prevalent during the weeks prior to the child's death. Investigators did not suspect homicide as the manner of death at the time of the initial investigation. At autopsy, the body was that of a normally developed, well-nourished toddler. The external examination showed evidence of recent small abrasions and the unusual finding of a probable needle puncture site with a 6-mm surrounding hematoma on the anterior right thigh. The lungs were congested, but there was no anatomic cause of death found. The stomach contained approximately 10 mL of dark brown fluid with no identifiable food particles. Numerous viral and microbial cultures were sent, all with negative results.
Heart blood, peripheral blood, vitreous humor, urine, liver, bile, and gastric contents were taken and sent to the toxicology laboratory for analysis. Significant concentrations of methanol were detected in a routine volatiles screen as will be discussed in the Results section. Because of the concerns raised about methanol poisoning, investigators searched the mother's, grandparents', and biological father's homes. There were no products containing methanol that were accessible to a child at any of the three locations, increasing our suspicion that the child had been intentionally poisoned. Six weeks after the death, an 8-oz. "spill proof" Playtex sippy cup was submitted to the lab. The cup had belonged to the dead child and was secured during the initial investigation. When first found, the cup was described as "full", but for some unknown reason, the investigator discarded the cup's contents, then recapped the cup, sealed it in a brown paper bag, and placed the evidence in a cool but unrefrigerated storage area until transport to the lab. The investigators established that the cup was empty when given to the stepmother when custody of the subject was transferred from the mother to the biological father. Upon opening, tiny drops of liquid were visible on the inside walls of the cup, so the cup was analyzed for methanol.
Methods

Drug screening
Samples taken at autopsy were subjected to our standard postmortem toxicology screening procedures, including headspace analysis for alcohols; gas chromatography-mass spectrometry (GC-MS) analysis for organic bases; GC analysis for neutral and acidic drugs; liquid chromatography (LC)-MS-MS analysis for benzodiazepines and other targeted compounds; colorimetric screening for salicylates; and immunoassay testing for cannabinoids, opiates, cocaine, and acetaminophen. Heart blood and urine were also analyzed for ethylene glycol using GC-MS.
Methanol quantitation
Methanol quantitation was conducted by routine automated headspace GC for volatile alcohols using a Varian 3400 GC and Genesis headspace analyzer equipped with an Rtx-BAC1 column (30 m × 0.53-mm i.d.). Volatile confirmations were performed on an Rtx-BAC2 column (30 m × 0.53-mm i.d.), using a Varian 3800 GC and Combipal headspace sampler. NPropanol was used as the internal standard for both assays. Tissues were analyzed as 20% homogenates in water. A single 100-µL sample of liquid from the submitted sippy cup was analyzed quantitatively using the BAC1 column. The result was confirmed qualitatively by washing the walls of the cup with 1 mL of the internal standard solution used for alcohol analysis and analyzing the wash on the BAC2 column.
Formic acid quantitation
Samples were analyzed for formic acid as methyl formate using a slight modification of the method described by Wallage and Watterson (9) . Formate standards ranging from 0.01% (w/v) to 0.20% (w/v) were prepared in distilled deionized water (DDW) using sodium formate. One hundred microliters of a standard, blood blank, blood control or case sample was added to a 22-mL headspace vial. Twenty microliters of the internal standard (0.2% acetonitrile in 1:1 methanol/DDW) was added to each vial followed by 20 µL of concentrated sulfuric acid. Vials were immediately capped and vortex mixed. Samples were incubated at 60°C for 10 min. Five hundred microliters of headspace air was injected into a Varian 3800 GC equipped with an Rtx-BAC2 column (30 m × 0.53-mm i.d., 2-µm film thickness) using a Combipal headspace sampler. Column, injector, and flame-ionization detector temperatures were 40, 100, and 150°C, respectively. Nitrogen was used as the carrier gas at a flow rate of 12 mL/min. Retention times for methyl formate, methanol, and acetonitrile were 1.16, 1.30, and 2.55 min, respectively.
Sippy cup experiments
Experiments were conducted to determine the likelihood that methanol would still be detectible in a sippy cup emptied and stored for 6 weeks prior to analysis if the liquid emptied from the cup by investigators when the cup was recovered contained the fatal dose of methanol. Alternatively, we sought to determine whether methanol would be still detectible if the poisonous solution had been consumed and the cup refilled with a liquid that did not contain methanol. Two sippy cups identical in size and style to the child's cup were purchased for the experiment. The smallest volume of methanol that the child might have consumed was calculated to be 22 mL based on his blood methanol concentration at the time of death and his estimated total body water content determined from the nomograms published by Morgenstern et al. (10) . Twenty-two milliliters of methanol was diluted to 8 oz with a mixture of Pedialyte and apple cider. An aliquot of that solution was taken and tested for methanol concentration. The liquid was poured into the first sippy cup; the cup was then capped and tilted up and down to allow the liquid to come in contact with all the interior surfaces. The cup lid was removed, and the liquid was poured into the second cup, leaving a few small drops in cup 1. The lid for cup 1 was replaced, and the cup was sealed in a brown evidence bag. The second cup was capped and mixed in the same manner as the first cup. The methanol solution was then poured out of the cup, and the cup was filled with 8 oz of water. After capping the cup and mixing the water around, the cup was uncapped, and an aliquot of the water taken for methanol testing. The remaining water in cup 2 was then emptied, leaving a few small drops behind. Cup 2 was then capped and sealed in a brown evidence bag. The cups were then stored for 6 weeks under cool dark conditions that mimicked the storage conditions for the subject's cup. At the end of the 6 weeks, both cups were opened, and the residual droplets of liquid were analyzed for methanol concentration.
Results and Discussion
Methanol and formic acid concentrations in autopsy samples taken from the victim are listed in Table I . Methanol concentrations exceeded 0.20% (w/v) in all samples with the exception of liver tissue. An aliquot of the residual liquid in the child's sippy cup was also positive for methanol at a concentration of 0.013% (w/v). Based on the methanol results in autopsy samples, it appeared that the dose of methanol was fully absorbed at the time of death and that enough time had elapsed for the chemical to be distributed throughout the body. By comparison, in a series of 69 adults found dead due to methanol poisoning, methanol concentrations averaged 0.33% (w/v) with a range of 0.07% to 0.79% (w/v) (11) . The concentration of formic acid in heart blood was 0.10% (w/v) (1.0 g/L). While methanol concentrations in victims of methanol poisoning do not correlate well with the severity of intoxication, formate concentrations exceeding 0.05% (0.5 g/L) are strongly correlated with a lethal outcome (11) . No other drugs or chemicals were detected in comprehensive toxicology screening of autopsy samples, and the cause of death was ruled methanol intoxication.
As previously indicated, no potential source of accidental methanol ingestion was found at any of the locations where the victim had spent time in the preceding days, suggesting very strongly that the child may have been intentionally poisoned. Our impression that the poisoning was homicidal in nature was reinforced by the finding of methanol in the sippy cup. However, autopsy results could not pinpoint a time of ingestion of methanol or narrow the scope of the investigation. Within 24 h of the time the victim began exhibiting clear signs and symptoms of methanol intoxication, he had been cared for at three different locations by up to seven different adults.
In reviewing the literature, very few reports of methanol poisoning in toddlers or young children were found (3, 7, 8) , and none of them established a timeline for the development of toxicity in a case of untreated methanol poisoning. Fatal methanol poisonings have occurred in infants in which the interval between exposure to the chemical and the onset of symptoms ranged from 8 to 57 h (5). However, extrapolation of that data to the current case is complicated by the fact that the enzyme alcohol dehydrogenase is not fully developed in infants, and therefore, the metabolism of methanol to formic acid occurs much more slowly (12) . Similarly, literature on adult poisonings has limited applicability as many of the poisonings involve co-ingestion of ethanol or medical intervention and treatment which alter the time course of the clinical presentation. Publications that indicate that there is a 12-24-h delay between the ingestion of methanol and the development of serious toxicity (2, 3) or that symptomatic acidosis occurs 15-20 h after ingestion (13) suggested that the victim may have been poisoned prior to arriving at the biological father's home. However, in a report that analyzed the disposition of formic acid in methanol fatalities, a "lethality index" was calculated based on the formic acid concentration in blood. A lethality index greater than 100 was associated with severe intoxication and a survival time of just hours (14) . The calculated lethality index in this case was 200, which would imply that the child was poisoned while at the biological father's home.
In light of the surprising finding of methanol in the child's sippy cup after 6 weeks of storage, experiments were undertaken to determine the extent of methanol loss under similar storage conditions. The results of those experiments are listed in Table II . The original methanol solution, prepared to mimic the possible concentration of methanol in a beverage consumed by the child, was 7.47% on a weight/volume basis. At the end of the 6 weeks of storage, the residual liquid drops in cup 1 had lost 91% of the methanol that was in the original solution. The resulting methanol concentration was 0.67% (w/v), which is substantially higher than the 0.013% (w/v) methanol concentration in the child's sippy cup. After mixing the methanolic beverage from cup 1 around the interior of cup 2, cup 2 was emptied and refilled with water. The intent was to mirror a possible scenario in which the child's cup had been refilled with liquid after he consumed the fatal beverage. The methanol concentration in the water in cup 2 that resulted from drops of the methanolic beverage still present in the cup was 0.104% (w/v). After pouring out the water and storing the re-capped cup for 6 weeks, the residual drops of liquid in the cup tested positive for methanol at a concentration of less than 0.01% (w/v), a loss of more than 90% of the methanol over that period of time. The concentration of methanol was very similar to the 0.013% methanol found in droplets in the child's cup. Based on the sippy cup experiments, it was concluded that the liquid found in the cup and discarded by investigators was unlikely to have been the toxic solution consumed by the child. It appeared, however, that the cup could not have been refilled more than one time after the child consumed the fatal dose of methanol. Because the child's cup was empty when his father and stepmother picked him up on Sunday and based on statements given by the stepmother regarding what she had given the child to drink, the sippy cup results strongly suggested that the poisoning occurred at the biological father and stepmother's home. During the course of the investigation, a number of witnesses began to come forward, stating that the subject's stepmother had made statements indicating that the child had "ruined her life" and that she might have been planning to harm the child. The stepmother's computer was confiscated and sent to the FBI Regional Computer Forensics Laboratory in Buffalo, NY. Analysis of the computer revealed that the stepmother had been researching "antifreeze" poisoning in the weeks prior to the child's death. When confronted with the evidence, she admitted having given the child a beverage containing methanol prepared from a blue-colored liquid that is presumed to have been windshield wiper fluid. The beverage was consumed at approximately 9:00 p.m. on Sunday evening, shortly after she and her husband, the subject's father, arrived home. She claimed that her intent was only to make the child sick. She was tried and convicted of first degree manslaughter. No explanation was ever found for the needle puncture mark in the child's right thigh.
Although methanol is a central nervous system (CNS) depressant, it is reported to have relatively low toxicity (2, 3) . In one case report, a 5-week-old infant with a methanol concentration of 1.148% (w/v) was lethargic and barely arousable, but he was treated and survived (6) . The current case supports the premise that methanol produces only weak CNS symptoms. Based on the child's venous blood methanol concentration of 0.23% at the time of death and the clearance rate for methanol, which is reported to be 8 mg/dL/h (15), his blood methanol concentration around the time he was put to bed on the night he was poisoned is estimated to have been in excess of 0.45% (w/v). If methanol had significant CNS depressant activity, it is unlikely that the child would have awoken the next morning.
Conclusions
Despite the frequency with which methanol ingestions are reported to poison control centers, there are few literature reports of fatalities in young children. This is the first report to our knowledge that details the time frame for the development of symptoms in a lethal case of untreated methanol poisoning in a toddler. The case also illustrates the usefulness of toxicology testing on evidence recovered from the scene in a homicidal poisoning investigation. 
